Abstract: Fossil hydrocarbons are indispensables commodities that motorize the global economy, and oil and gas are two of those conventional fuels that have been extracted and processed for over a century. During last decade, operators face challenges discovering and developing reservoirs commonly found up to several kilometers underground, for which advanced technologies are developed through different research programs. In order to optimize the current processes to drill and construct oil/gas wells, a large number of mechanical technologies discovered centuries ago by diverse sectors are implemented by well engineers. In petroleum industry, the ancient tube forming manufacturing process founds an application once well engineers intend to produce from reservoirs that cannot be reached unless previous and shallower troublesome formations are isolated. Solid expandable tubular is, for instance, one of those technologies developed to mitigate drilling problems and optimize the well delivery process. It consists of in-situ expansion of a steel-based tube that is attained by pushing/pulling a solid mandrel, which permanently enlarge its diameters. This non-linear expansion process is strongly affected by the material properties of the tubular, its geometry, and the pipe/mandrel contact surface. The anticipated force required to deform long sections of the pipe in an uncontrollable expansion environment, might jeopardize mechanical properties of the pipe and the well structural integrity. Scientific-based solutions, that depend on sound theoretical formulation and are validated through experiments, will help to understand possible tubular failure mechanisms during its operational life. This work is aimed to study the effect of different loading/boundary conditions on mechanical/physical properties of the pipe after expansion. First, full-scale experiments were conducted to evaluate the geometrical and behavioral changes. Second, simulation of deformation process was done using finite element method and validated against experimental results to assess the effects on the post-expansion tubular properties. Finally, the authors bring a comparison study where in a semi-analytical model is used to predict the force required for expansion.
Introduction
Liquid and gaseous fossil hydrocarbons have recently been extracted from much deeper reservoirs localized in areas surrounded by uncertain, challenging environments such as deep water, off-shore applications. Deep reservoirs are difficult to reach not only because of the depth and the overburdening pressure acting on previous geological formations above the hydrocarbon-source rock, but also because of the instability of shallower, less compact formations within the first few hundred meters from the surface of the earth. Those unconsolidated, lower pressure formations must be isolated in order to reach the desirable oil/gas reserves; and that is accomplished by drilling wells in a telescope manner. In other words, starting the drilling process from the earth's surface with a large sized hole, the reservoir is finally reached with a much slimmer hole size and pipes, for which well engineers drill necessary sections in between to install steel-based pipes and, consequently, to cement it in place. This telescoping approach drives the casing design since the first oil/gas well was drilled (Cales 2003) . The configuration of those sections varies depending upon the characteristics of the field-vertical, deviated, or horizontal-the three possible well geometries.
Other reservoirs from which the extraction of oil and gas has deserved more attention during the last decade are less profound and require unconventional methods of drilling and production. However, the wells are drilled, completed, and potentially repaired by using the same conventional rules of casing design: a smaller size casing string is installed deeper and through the previous larger size string. From researchers and engineers to business improvement and operational managers, to optimize the economics of well delivery and field development by implementing either conventional or unconventional drilling or work-over approaches is a continual challenge. Addressing those challenges with a feasible technology already implemented in more than 400 wells and with a proven track record since the late 1990s has been a major accomplishment in the oil and gas industry. Solid expandable tubular (SET) technology not only optimizes the telescoping casing design approach in existing wells but also can reduce its own effect by installing multiple casing strings and preserve the desirable monobore hole size from the surface to the reservoir's depths.
Reliable mechanical and physical properties of a SET after its expansion in the wellbore are, in some cases, not clearly understood by the majority of well engineers and designers. The technology has been concealed by a minority of service companies which assert that it could be considered suitable for low risk wells as well as high pressure and high temperature wells. This document summarizes the results obtained from several simulations using finite element model and physical tests run on pipes. The research was mainly focused on the expansion effect on physical dimensions and the possible contribution towards the post-expansion mechanical properties of tubular samples, which were plastically deformed by using a state of the art test rig.
Solid Expandable Technology
Since the late 1990s, oil and gas companies have implemented an alternative technology to effectively overcome wellbore problems during drilling, completion, and repairing (work-over) operations. SET technology has been implemented in a myriad number of situations since its first installation, with the intention to reduce operational costs and optimize the well delivery process not only as part of a contingency plan, but also as a fundamental component of the original drilling program. SET technology is currently known as a value-added, fit-for-purpose, and enabling alternative towards an effective drilling campaign (Dupal et al. 2002; Carstens and Scrittmatter 2006) .
Even though several published papers and articles have already described the concept, functionality, and benefits of SET in a countless number of cases, the authors decided to describe the technology using a basic approach. In other words, the key idea behind SET technology is based on the fact that it is based on a down-hole in situ expansion of the pipe's inner diameter that is attained by hydraulic and/or mechanical forces. An internal mechanism that is capable of either pulling or pushing a solid, high-strength mandrel from the bottom upwards permanently deforms the tubular to the required size (Fig. 1) . Many designs and processes have been created over the years to come up with a suitable SET technology for exclusive applications, and one of those is the mono-diameter well (Jabs 2004), as opposed to the standard practice of the telescopic casing design approach. Reducing the telescopic nature of conventional wells would allow a much smaller surface casing to be used, and consequently the subsequent casings could be reduced in diameter. Additionally, with the aid of the SET technology, operators will be able to reduce the resources required per drilling campaign, as well as reaching target depths with a greater diameter to improve the overall oil/gas production (Campo et al. 2003) .
Although it has gained wide acceptance within the industry, expandable tubing technology still requires massive engineering research and development tests before it can be used to its full potential. Its ease of use in the down-hole environment will only be possible by properly understanding geometric and contact non-linearities, dynamics of components/system involved in the expansion process, and post-expansion material and mechanical properties of the tubular. The data generated through those tests will assist researchers in developing improving techniques, tools, procedures, and materials which can attain higher expansion percentages while maintaining the post-expansion tubular strength required by design and well engineers. This may reduce the cost of expandable tubular pipes and open a new horizon of applications away from the oil and gas well construction industry.
A review of selected literature on down-hole tubular expansion (Cales et al. 2001; Dupal et al. 2002; Mack 2005; Carstens and Scrittmatter 2006; Binggui et al. 2009) shows that most of the research and development work was carried out mainly by technology deployment companies to find short term and problem specific solutions. The experience of field engineers and a few simple lab trials were mainly instrumental in devising solutions without having substantial theoretical basis and appropriate scientific validation. The pioneering work of (Filippov et al. 1999) presented three feasible scenarios of SET technology including openhole liner, cased-hole liner, and expandable liner hanger systems. Mack et al. (1999) identified the chemical composition of expandable steel tube of grade L-80, and conducted an experimental study to determine the effect of expansion on its mechanical properties. Other authors, on the other hand, like (Stewart et al. 1999; Karrech and Seibi 2010 ) developed a simplified mathematical model that describes the effect of tubular expansion on its burst strength, and an analytical model for the tubular expansion process in which the stress field in the expansion zone, expansion force, and dissipated energy were predicted in order optimize the mandrel shape, respectively.
More recently, Akisanya et al. (2011) used elasticity and plasticity theories to develop a model relating the hydraulic pressure, geometric dimensions of tubulars and the residual contact pressure between two concentric pipes in a typical hydraulic forming process. An important aspect, which was inadequately addressed in developing in situ tubular expansion, is the post-expansion characterization of the tube. The reliability and structural integrity of tubular pipes during their life spans are equally important, because most well engineers are principally interested in the mechanical strength of the post-expansion casing, which must withstand all loads generated either by the formation or by the drilling operation itself. Further to this, very limited research work has been done on developing analytical and simulation models of the tubular expansion process, including inherent non-linearities, its dynamics, the effect of the interaction between mandrels and pipes and/or pipe and formation interfaces, and contact with surrounding fluids. The current research on SET technology started in the early 2000s, with the main supporter being the oil company. More recently the interest of other entities has been drawn. Oil companies' well engineers, along with others, require the know-how to best adopt SET technology during drilling and remediation campaigns. The goal of using effective SETs is to enhance oil and gas recovery, improve well delivery time, and optimize the overall cost of the drilling process. In this context, research has focused upon developing semianalytical and finite element models in the early stages. However, the capacity of the research has been strengthened with the incorporation of the Expandable Tubular Test-Rig at SQU, which is capable of generating the forces needed during the installation of SETs and simulate precisely the expansion of the pipe. In order to describe the capability of such a facility, the authors would like to highlight all the research activities conducted at Sultan Qaboos University (SQU), Figure 1 . Schematic diagram of tubular expansion process using conical mandrel which has tackled many essential SET-related topics, including * The simulation of tubular expansion using the finite element method to study the effects of different expansion ratios, friction coefficients and mandrel angles on the tubular expansion process ); * A simplified mathematical model for tubular expansion process ); * An analytical solution for wave propagation due to the pop-out phenomenon Pervez et al. 2006 ); * Post-expansion tube response under mechanical and hydraulic expansion-A comparative study (Seibi et al. 2007 ); * Research on the possibility of using aluminum in expandable tubular technology instead of steel (Pervez et al. 2008 ); * The dynamic effects of mandrel-tubular interaction in the down-hole tubular expansion process (Seibi et al. 2009 ); * An experimental and numerical investigation of expandable tubular structural integrity for well applications (Pervez 2010; Pervez et al. 2012 ); * The simulation of tubular expansion in irregularly shaped boreholes (Pervez et al. 2011) , and * Finite element analysis of tubular ovality in oil wells (Pervez and Qamar 2011 ).
An important issue which still has not been addressed in the available literature on SET technology is the effect of loading/boundary conditions on tubular structural integrity and its mechanical properties. These conditions sometimes have resulted in undesirable geometrical and behavioral changes in the pipe during the expansion process which may lead to premature failure of the SET during its lifetime. A close look at the expansion process, supported by experimental data, showed that these failures may occur due to unfavorable thickness variations during the expansion process.
In view of the discussion above, the objective of this work was to conduct a study to investigate the effect of different loading/boundary conditions on the force required for expansion as well as on tubular structural integrity after expansion, including the pipe's length and thickness variations. However, based on the fact that the tubular expansion process is highly non-linear and includes many complicated scenarios, the task of obtaining inclusive and accurate closed-form solutions is very challenging. Thus, experimental and finite element techniques need to be adopted to determine the effect of different loading/boundary conditions. A comparative study between experimental, finite element and/or semi-analytical results of post-expansion characteristics in expandable piping will be presented, and an appropriate conclusion will be inferred.
Experimental Study
Experimental tests of tubular expansion processes were conducted using an expandable tubular test-rig to study the effect of different loading/boundary conditions. The test-rig, built in the Engineering Research Laboratory (ERL) at SQU (Fig. 2) is one of the few facilities of its kind in the world, and the first in the Gulf region. In terms of capacity, the mechanical structure is capable of expanding tubular sizes ranging from 2.7/8 of an inch (73.025 mm) to 9.5/8 of an inch (244.475 mm), with expansion percentages varying from 10-30% based on inner diameter of the tubular. Furthermore, the test-rig is capable of testing pipes of lengths varying from 2-10 meters, and under fixedfree and fixed-fixed end conditions. The facility includes high-pressure/high-flow hydraulic pumps capable of supplying 2350 bars (34075 psi) at 11 liters/minute or 700 bars (10150 psi) at 50 liters/minute. In order to simulate the commonly used tubular expansion approach of cone-on-stick (ie. mechanical expansion), the test-rig is provided with a hydraulic cylinder that is capable of delivering an expansion force of up to 140 metric-tons.
During the research, the tests were performed on standard SETs utilized by oil/gas well applications using conventional-sized mandrels but under different loading/boundary conditions, as shown in Table 1 . Figure 3 summarizes the procedure adopted to prepare the tubular specimens for the experimental expansion tests. First, the mandrel was entered into a small tubular segment by means of a mechanical pressing machine ( Fig. 3(a) ). This combined part becomes a canister, commonly known by SET operators as a launcher. The side of the launcher was then welded into a longer to-be-expanded tubular segment ( Fig.  3(b) ) while the other was welded to a flange ( Fig.  3(c) ), producing a small chamber behind the mandrel that was used to accumulate the hydraulic pressure in order to push the mandrel forward. In order to ensure perfect alignment of the mandrel during the expansion process, a fit-for-purpose aligner was used, made of two separated discs with diameters equal to the nominal drift diameter of the tubular pipe. Then the tubularmandrel system was mounted on the test-rig (Fig.  3(d) ) and, afterwards, the high pressure flow-line was connected to the flange in order to supply the hydraulic fluid required to push the mandrel forward ( Fig. 3(e) ). A view of the experimental setup just before the start of the test is shown in Fig. 3(f) .
In down-hole applications, the pipe is usually run through an existing casing string and deployed to a specific depth with the mandrel attached to it. Once the system is positioned in an open-hole or inside pre-vious casing, it is anchored in place by fixing one of its ends. The anchoring is usually done against the formation in open-hole applications such as expandable open-hole liners (Carstens and Scrittmatter 2006; Dupal et al. 2002) or against another tubular in casedhole applications such as expandable casing clads (Bin Ali et al. 2009 ). Afterwards, the expansion process was executed.
Based on whether the bottom section (front-end in Fig. 4) , the top section (rear-end in Fig. 4 ), or both of them happened to be fixed during conventional tubular expansion applications, the expansion process may enter into many scenarios. The pipe is expanded under (a) tension when the bottom section (front end) is fixed and the top section (rear end) is free, and (b) compression when the front end is free while the rear end is fixed. A unitized expansion-condition is present when one of the ends is fixed but the other one also gets unintentionally stuck during the setting process; in this special case, the SET is expanded under a fixed-fixed condition and combined stress loads. Further to this, based on whether the expansion process is performed hydraulically or mechanically, another two scenarios might result.
The current work investigates the difference in the effect between the mechanical and hydraulic expansion processes along with the effect of different loading/boundary conditions on the structural integrity of the tube. However, since the testing procedure is cumbersome and usually requires careful selection of tools and procedures, only some of these cases have been tested experimentally based on which analytical and/or finite element solutions have been obtained, validated, and employed for further investigation.
In order to obtain necessary data to perform the experiment, the test-rig is provided with proper instrumentation to monitor, control, and store information related to principal variables. The mechanical and hydraulic parameters recorded during the test include strain, diametrical displacement, expansion force, wall thickness and length variations, operating fluid temperature, flow rate, and the speed and location of the expansion mandrel. Several electronic pressure sensors were used to measure the hydraulic pressure supplied to the mandrel-tubular system, and an ultrasonic sensor was employed to monitor the mandrel position as it moved along the pipe during the expansion process. The variation in outside diameter was precisely measured through a linear voltage displacement transducer (LVDT), which was selectively installed on opposing sides of the pipe (0-180°). The variation in pre-and post-expansion wall thickness was measured by using a TI-25DL ultrasonic wall thickness gauge at five different locations on the outer surface of the pipe (P i , i = 0, 1, 2, 3, 4) (Fig. 4) following a 0 and 180-degree pattern. The method utilized to quantify the change in length was to draw straight lines of known lengths (L 1 and L 2 ) along the outer surface of the pipe before the expansion process. Posterior to mechanical expansion, the length was re-measured, indicating the variation caused by the forming process. Pre-and post-expansion material properties of the tube were determined following the American Standards Testing Methods (ASTM), including (a) hardness; (b) Young's modulus; (c) yield strength; (d) ultimate tensile strengths; (e) ductility, and (f) strain at fracture.
Finite Element Analysis
The tubular expansion was modelled using commercial finite element (FEM) analysis software ABAQUS with which a 2-dimensional (2-D) axi-symmetric model (Fig. 5 ) was developed and compared with a more accurate, complex 3-dimensional (3-D) model. Once converged, the 2-D axi-symmetric representation was utilized as the standard simulation model during this research due to cost and computational time considerations. The tubular and mandrel geometrical parameters as well as the material properties are shown in Tables 2(a) and 2(b). As part of a logical sequence of assumptions, the authors considered the following:
(a) The tubular was modelled as a deformable body with elastic-plastic material behavior, whereas the mandrel was modelled as a rigid body; The rest of the parameters, such as the force required for expansion, the contact pressure, and the wall thickness and length variations, were extracted from output database files of simulated cases. However, only results of force required to expand the tubular, reduction in wall thickness, and variation in tubular length were reported and compared with available experimental data.
In this particular case, the tubular was made of high strength, low-alloy steel with 0.23% carbon, 1.34% manganese, 0.23% silicon, 0.011% phosphorus, and 0.002% sulfur. A series of standard tests (uni-axial tensile, based on ASTM E8) were conducted to determine the mechanical properties of the as-received tubular material, resulting in a steel with high yield and ultimate tensile strengths in the range of 600 MPa (87,022 psi) to 620 MPa (89,920 psi) and 690 MPa (100,076 psi) to 715 MPa (103,700 psi), respectively. The modulus of elasticity, and yield, ultimate, and fracture strength, and ductility and strain at fracture were measured. The stress-strain curves for three samples are shown in Fig. 6 , and the average values were used in the FEM analysis. The hardening curve data required in the model were provided in the tabular form where the first pair of numbers corresponded to the initial yield stress at zero plastic strain. To simulate the various loading/boundary conditions that may occur during the conventional down-hole expansion process, the bottom end (front-end) of the tubular was held fixed while the top end (rear-end) was kept free (ie. tension). Subsequently, the bottom end was kept free while the top end was fixed (ie. compression). Ultimately, both ends were fixed.
Results and Discussions
The expansion process involves moving the mandrel from one end of the pipe to a desired location at a certain rate for a prescribed expansion ratio. This process requires that one end of the pipe must be held fixed while the other end is set either to move freely or, in the case of fixed-fixed boundary conditions, be fixed. However, these conditions have resulted in unwanted geometrical and behavioral changes of the pipe during the expansion process that may lead to premature failure of the SET during its serviceable life. A close look at the expansion process, supported by experimental data, showed that these failures may take place due to undesirable wall thickness variations during expansion. A plan to investigate the cause-andeffect of such loading/boundary conditions ended up with different scenarios that required examination to mark out and draw a conclusion on the best way of performing the expansion process. These scenarios included tension versus compression; fixed-free versus fixed-fixed boundary conditions, and mechanical expansion versus hydraulic expansion combined with either fixed-free or fixed-fixed boundary conditions. The investigation was performed following both analytical and numerical methods and using FEM, and was supported with existing experimental data.
At first, the finite element model was validated using the experimental data before employing it to study different loading/boundary conditions. Figures 7 through 9 show a comparison of results between the experimental and FEM, which were obtained from the tubular sample measuring 193.68 mm x 9.53 mm (tubular sample a (Table 1 ) and using a 10° mandrel with a 209.55 mm outer diameter (mandrel-sample 2) ( Table 1) ). Figure 7 shows the variation of expansion force required to push the mandrel forward inside the tubular. It was found that the expansion force required for a 20% expansion ratio obtained through the simulation coincides with experimental results, with a margin of error of less than 4%. Small fluctuations in the expansion force were observed during the transient period, but overall the process was steady.
Figures 8 and 9 depict the variations in both tubular wall thickness and tubular length for a 20% expansion ratio. The tubular wall thickness were measured at ten (10) different locations before and after expansion, and an average value of wall thickness reduction was calculated for comparison with the results obtained from the simulation. Similarly, the shortening effect on the length was measured at both ends of the tested pipe. Again, the average value was calculated for comparison with the outcome of the simulation. There is an acceptable congruence between both approaches in terms of shortening of length. However, in terms of wall thickness reduction, the difference is in the vicinity of 10%. Table 3 summarizes the results obtained from both experimental and FEM analysis of tubular samples (a) and (c) in Table 1 , under fixed-free and free-fixed end conditions. Mandrel sizes (1) and (3) from Table 1 were used with the above mentioned tubular sizes. Even though the results obtained from both types of analysis techniques were not exactly the same, a reasonable concordance was achieved. Therefore, the Figure 6 . Stress-strain curve for as-received tabular material outcome of the FEM method is acceptable, even though the discrepancy in the estimation of the shortening of the length of SET is one of the key factors for the successful field applications of this technology.
From an operational point of view, positioning the expandable pipe at the planned depth inside the wellbore (either previous casing or open hole) is very difficult and consequently may be positioned somewhat higher than where it was supposed to be. Such wrong positioning of the tubular pipe without adequate information about the degree of the effect of the expansion on the length shortening would affect the anchoring of the fixed-end of the pipe, causing inadequate coverage of troublesome zones. However, this issue can be alleviated easily as the discrepancy is very small and such an inconsistency possibly could be mitigated by safety factors. What is interesting to note is that the difference between expanding the pipe either under tension or under compression is negligible. A prior understanding of the forces required for expansion as well as the post-expansion characteristics such as length shortening and wall thickness variations is of critical importance for the selection of tools and the execution of the SET job in the course of designing a well. These will allow the well designers to use the appropriate tools, avoid length gaps in the overlap regions between two consecutive tubular patches, and correctly determine the post-expansion collapse and burst strengths of the pipe due to wall thickness variations. Figure 10 shows the variation in the expansion force as a function of the expansion ratio (ER) at a fixed mandrel angle of 10° and a friction coefficient of 0.06, attained for a single tubular sample size (a) ( Table 1 ) that is expanded under fixed-free boundary conditions. It is clear from the figure that the FEM is capable of predicting the expansion force, which matches with an experimental and available semi-analytical model (Al-Abri 2011). It is important to emphasize that an increase in the expansion ratio results in an increase in the expansion force and a decrease in the tubular wall thickness and length, resulting in tubular thinning and shortening. It is obvious from Figure 10 , which depicts a linear relationship, that in order to expand the pipe to 28% of its original inner diameter, a force of more than three times the one required for the 12% expansion ratio is necessary. Table 4 summarizes experimental observations of tubular expansion processes under different loading and boundary conditions on sample (c) of Table 1 using a single size (4) mandrel as in Table 1 . The investigation involves the use of mechanical pull and hydraulic push loading scenarios combined with both fixed-fixed and fixed-free boundary conditions. It is evident that the values of the force required for expansion in both mechanical and hydraulic loading scenarios are very alike for both fixed-fixed and fixed-free boundary conditions. The maximum margin of error is less than 10%, whereas the maximum difference in wall thickness variation is approximately 3% under a fixed-free boundary condition and 8% for a fixedfixed boundary condition. The results suggested that expanding the tubular under a fixed-fixed boundary condition results in a larger wall thickness reduction as compared to the fixed-free condition. Thus, it is the reduction in wall thickness which will limit the maximum allowable expansion percentage of the tubular, and not the expansion force.
It is worth mentioning that, at constant yield strength and the OD of the pipe, a 10% change in the tubular wall thickness causes a reduction in the burst strength of the same magnitude when using the American Petroleum Institute (API) historical onedimension yield pressure design equation (Barlow's equation), because of the linear relationship. The effect of wall thickness reduction on the collapse rating of casing is more complex and fully related to the OD/t ratio as well as the empirical correlation of the collapse mode. Appendix describes the design equations commonly used by well engineers when planning the casing string of a well, and how the reduction of wall thickness, along with the enlargement of the external diameter, fully affect both the internal yield and the collapse strength of the post-expansion pipe. The major effect is caused by the external-diameter-towall-thickness ratio, and the variation of nominal postexpansion yield strength produces a reasonable but less impacting effect on both design calculated values.
Two fundamental pressure limits are considered of importance in the study of pressurized cylinders. These are the internal pressure that can be withstood by a pipe at the onset of yielding of the inner surface, and the internal pressure required to cause the whole wall to yield completely. An investigation into the effect of the tubular expansion process on the pressure limits of an expanded pipe due to the effect of an inter- Table 4 . A comparison of tubular expansion under fixed-fixed and fixed-free boundary conditions using mechanical and hydraulic expansion modes nal pressure has been carried out on all reported samples (Table 4) . Thus, after performing the expansion process, a tubular sample one meter in length was cut and the edges were chamfered. Afterwards, a couple of flanges were welded on both sides of the pipe, producing a chamber-type system. Finally, the proper instrumentation (strain gauges, pressure sensors, and a datalogger for data acquisition) was installed as part of the final setup. Using the recorded data of hoop and longitudinal strains, along with the internal pressure applied by a hydraulic system, the equivalent stress values were calculated. Thus, a stress-strain relationship was obtained (Fig. 11) . The figure shows that the tubular samples exhibited a linear relationship at first. Then, as the internal applied pressure approaches the yield limit of the tubular pipe material, the graph starts to diverge from linearity and exhibits some hardening. However, it is vital to note that the amount of stress the post-expansion tubular sample can withstand is smaller than that of the original value of the pre-expansion material yield strength. As can also be noticed from Fig. 11 , the stress-strain curve started to yield at a value that is lower than 500 MPa as compared to the original value of the un-expanded tubular, which is larger than 600 MPa as given in Fig. 6 . Moreover, it is vital to highlight that the tubular boundary conditions have a valuable but minor effect on the internal yield limits of the pipe. However, this is an observation that is only applicable for the current tubular size and under the prescribed expansion conditions. In order to have a better understanding of the tubular post-expansion behavior, it is essential to detail the material and mechanical characterization of expandable tubular materials. These characterizations require further mechanical testing and microscopic study as well as fracture and micro-structure evaluation, which are beyond the scope of this work and will be tackled in forthcoming investigations.
Conclusions
1. A numerical model describing the effect of different loading/boundary conditions on the tubular expansion process was developed using the finite element method. In addition, full-scale tubular expansion tests were conducted in the SQU expandable tubular test-rig to validate the numerical model. 2. The pipe's ratios of wall thickness variation to expansion, length variation to expansion, and expansion force to expansion, all obtained from the finite element model, showed good agreement with the experimental results. 3. The results obtained from the developed model as well as the calculations made by the authors using the experimental data assuming simple variation of post-expansion nominal yield strength could be used directly by well engineers to properly select expansion methods and tools to suit specific field requirements and SET casing designs. 4. Investigating the effect of loading/boundary conditions on the tubular structural integrity showed that the difference between expanding the tubular under tension and expanding it under compression is very minor and can be ignored. Furthermore, the force required for expansion in both mechanical and hydraulic loading scenarios are in good agreement with one another for both fixed-fixed and fixed-free boundary conditions with a maximum error of less than 10%. Figure 11 . Stress-strain curves of four tabular samples subjected to internal pressure after they have been expanded under different conditions 5. The expansion of tubular samples under fixedfixed boundary condition resulted in a large thickness reduction of around 14%. 6. Simple calculations using the standard casing's yield internal and collapse pressure equations suggest that the wall thickness reduction along with the enlargement of external diameter (OD/t ratio) causes a much larger and valuable effect on postexpansion burst and collapse rating than a potential variation of post-expansion nominal yield strength. 7. The effect of the tubular boundary conditions at fixed expansion ratio on the internal yield limit of an expanded tubular subjected to an internal pressure was carried out. It was found that the boundary conditions had a very minor effect on the yield limit of the tubular. This observation was also asserted by the calculation done using an API yield pressure design equation. Now, using the geometrical variation of the SET sample provided in Table A -1 with the aid of the standard API formulations given by equations (1) to (3), comparison to standard ISO-API casing sizes and materials was performed as follows: In order to add a complete analysis of the effect of wall thickness and diameter enlargement of all post-expansion samples, the authors suggest the following data: (a) Table A-3 to describe the main yield internal and collapse rating of pre-expansion SET sample, and (b) Table A-4 to describe the full effect of D/t changes on burst and collapse design calculations. From Table A-4; which shows a realistic design calculation used by well engineers during the casing design phase of the SET installation job, it is evident that the major effect on SET pipe burst and collapse rating is generated by the D/t ratio, in a larger magnitude than the variation of the nominal yield strength. Similar conclusions are obtained by the unpublished data provided by manufacturer as a result of physical collapse tests conducted on only one set of samples. A much larger discussion will be presented to readers in further papers. Table A-3. As received conditions of SET samples and yield internal and collapse strength pre-expansion. 
